The aspartic residue at the base of the substrate-binding pocket of trypsin was replaced by serine (present in a similar position in chymotrypsin) through sitedirected mutagenesis. The wild-type (with in the mature trypsin sequence) and mutant (Ser-189) trypsinogens were expressed in Escherichia coli, purified to homogeneity, activated by enterokinase, and tested with a series of fluorogenic tetrapeptide substrates with the general formula succinylAla-Ala-Pro-Xaa-AMC, where AMC is 7-amino-4-methylcoumarin and Xaa is Lys, Arg, Tyr, Phe, Leu, or Trp. As compared to [Asp'l8trypsin, the activity of [Ser'"1trypsin on lysyl and arginyl substrates decreased by about 5 orders of magnitude while its Km values increased only 2-to 6-fold. In contrast, [Serl89]trypsin was 10-50 times more active on the less preferred, chymotrypsin-type substrates (tyrosyl, phenylalanyl, leucyl, and tryptophanyl). The activity of [Ser"]9]trypsin on lysyl substrate was about 100-fold greater at pH 10.5 than at pH 7.0, indicating that the unprotonated lysine is preferred. Assuming the reaction mechanisms of the wild-type and mutant enzymes to be the same, we calculated the changes in the transition-state energies for various enzyme-substrate pairs to reflect electrostatic and hydrogen-bond interactions. The relative binding energies (E) in the transition state are as follows: El, > EPP > EPA > EIP EIA, where I = ionic, P = nonionic but polar, and A = apolar residues in the binding pocket. These side-chain interactions become prominent during the transition of the Michaelis complex to the tetrahedral transition-state complex.
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The binding of substrates or inhibitors to the specificity pocket of an enzyme involves a combination of chemical forces including hydrogen bonds and electrostatic, hydrophobic, and steric interactions. The complexity of the interactions involved in the substrate specificity of an enzyme is exemplified by trypsin. The three-dimensional structures of trypsin bound to pancreatic trypsin inhibitor (PTI) (1) (2) (3) (4) or to the pseudosubstrate benzamidine (5, 6) suggest that the carboxylate of Asp-189, at the base of the trypsin binding pocket, is largely responsible for the specificity of binding of the enzyme to positively charged amino acid side chains.
The major role of electrostatic interactions in the trypsin binding pocket has been analyzed by measuring (7) and calculating (8) the stabilization energies of binding between a series of benzamidine analogs and trypsin. In addition, the high degree of structural similarity of the trypsin and chymotrypsin binding pockets (9, 10) is consistent with the experimental observations that aromatic side chains may form favorable hydrophobic interactions with the trypsin binding pocket (10) (11) (12) (13) .
Progress in DNA technology has made it possible to analyze the structural bases of enzyme action and substrate specificity by directed replacement of residues of interest. In a previous study (10) , Asp-189 of rat trypsin was replaced with lysine by site-directed mutagenesis, in an attempt to reverse the specificity of the enzyme for the charged residue at the scissile bond (10 
MATERIALS AND METHODS
Materials. Tetrapeptide substrates with the fluorogenic leaving group 7-amino-4-methylcoumarin (AMC) had the general formula Suc-Ala-Ala-Pro-Xaa-AMC, where Suc was succinyl (3-carboxypropanoyl) and Xaa (i.e., the P1 residue) was Lys, Arg, Tyr, Phe, Leu, or Trp. The peptides were synthesized by the conventional solution method with tbutyloxycarbonyl (Boc) and benzyl ester (OBzl) as protecting groups. Trifluoroacetic acid was used for deprotection. The Boc-protected C-terminal amino acid (Boc-Xaa-OH) was transformed into a mixed anhydride by isobutyl chloroformate in the presence of N-methylmorpholine and then reacted with AMC (Enzymes Systems Products, Livermore, CA) to yield Boc-Xaa-AMC. The protected tripeptide BocAla-Ala-Pro-OBzl was synthesized from H-Pro-OBzl by the stepwise addition of the two alanines by the dicyclohexylcarbodiimide/1-hydroxybenztriazole method. The OBzl protecting group was removed by catalytic hydrogenation. The coumarin derivatives of the amino acids were acylated with Boc-Ala-Ala-Pro-OH by the dicyclohexylcarbodiimide/1-hydroxybenztriazole method. The deprotected tetrapeptidecoumarins were acylated by succinic anhydride. Homogeneity of each substrate was checked by thin-layer chromatogAbbreviations: PTI, pancreatic trypsin inhibitor; AMC, 7-amino-4-methylcoumarin; Suc, succinyl.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (14) . The region that contains the mutated sequence was isolated by cleavage with the restriction endonucleases Xho I and Sal I, and this fragment was ligated into the corresponding sites of the expression vector (10) .
Heterologous Expression of Wild-Type and Mutant Trypsinogens. The expression of trypsinogen in bacteria was accomplished by fusing the coding sequences of trypsinogen cDNA (15) to the DNA sequences encoding the signal peptide and regulatory regions of bacterial alkaline phosphatase (16) as described by Graf et al. (10) . In the product encoded by this vector (for vector construction see figure 1 of ref. 10), the signal peptide of alkaline phosphatase replaces the native signal peptide of pretrypsinogen and ensures efficient secretion of the zymogen into the periplasmic space. Escherichia coli K-12 strain SM13 (F-, araD139, A(lac)U169, relA, rpsL, phoR) was transformed with the vector to express constitutively and secrete the zymogen into the periplasmic space.
Protein Purification and Chemistry. The recombinant wildtype and mutant trypsinogens were isolated from the periplasmic protein fraction as described (10) . Trypsinogen was activated by purified porcine enterokinase (10) (enzyme/ substrate ratio, 1:50, wt/wt) in 50 mM 2-(N-morpholino)-ethanesulfonate (Mes), pH 6.0/10 mM CaCl2 for 1 hr at room temperature (mutant trypsinogen) or overnight at 4°C (wildtype trypsinogen). Concentration of activated trypsin was determined by UV absorption (62A0 = 38,000 M 1cm 1) (17) and by active-site titration (18 (Fig. 2) . According to this rigid model, a close contact exists between the hydroxyl group of tyrosine and the a carbon of Gly-216 (0-C distance, 241 pm). Presumably, the binding pocket of rat trypsin may adjust somewhat to accommodate the tyrosine side chain. Similarly, the very short (232 pm) hydrogen-bond distance between the hydroxyl of tyrosine and the oxygen of Gly-219 may also relax. Other hydrogen-bond distances, between the tyrosine hydroxyl and the oxygen of Gly-216 and between the tyrosine hydroxyl and the nitrogen of Gly-216, are 279 and 266 pm, respectively.
DISCUSSION
The serine proteases trypsin and chymotrypsin have very different substrate specificities (9) , yet the substrate-binding pockets, formed by residues 214-220, 189-192, and 224-228, exhibit a high degree of structural similarity (9, 21 (Fig. 3) . If (Fig. 3) . 6 (20) estimated that this may weaken binding by about 3 kcal/mol, a value that closely approximates our calculated increase of about 2.7 kcal/mol (Table 2) in the transition-state binding energy on deprotonation of the eamino group of lysine. Thus, we estimate the Gibbs energy for enzyme-substrate ion-pair interactions in trypsin to be about 4 kcal/mol, about 1 kcal/mol higher than the value for a buried ion pair in chymotrypsin (25) . However, differences in the AG values can be accounted for by differences in the ion-pair separations, formal charges, side-chain torsional energies, and dielectric constants. The involvement of these factors in the interaction of trypsin with its substrates may be further explored by kinetic and structural studies of appropriate trypsin mutants.
